The sintering temperature decreases theoretically with the grain size of the ceramic powders, but it is not always right for fine grain sized nanopowders due to the inevitable agglomerations, and thus pores are hard to eliminate thoroughly during sintering. To overcome this difficulty, a new approach is designed to sintering ceramics at low temperature from nanoparticles. In this scheme, excessive dopants, such as ZnO, are synthesized into the nanoparticles, and they would be liberated again on the surfaces of the grains at high temperature as sintering aids homogenously to promote densification. Here, we compared the ceramic sintering of ZnO-doped barium zirconate titanate (BaZr x Ti 1x O 3 , BZT) nanoparticles with BZT nanoparticles using ZnO as additive at 1150 ℃. Both kinds of nanoparticles were directly synthesized by the same process at room temperature and yielded the same initial grain size of ~10 nm. The dense BZT ceramic with relative density of 99% was fabricated from the 2 mol% ZnO-doped nanoparticles. On the other hand, the porous BZT ceramic with density of 78% was obtained from nanoparticles with 2 mol% ZnO as additive. Therefore, our strategy to ceramic sintering at low temperature from nanoparticles was confirmed.
Introduction
Sintering is a key point during ceramic processing for both structural and functional ceramics. At least, a kind of mass transfer must be occurred during ceramic sintering accompanying with pore exclusion from green wares, grain growth in ceramic body, and densification of ceramic production. According to the style of mass transfer, ceramic sintering can have several patterns as solid state sintering, liquid phase sintering, vapor-deposition sintering, reaction sintering, etc., in series. It is always important for the decrease of ceramic sintering temperature due to energy saving, co-firing of the ceramics with multiple ingredients, the necessity of certain inner electrodes for multiple layer functional ceramics, and so on. Both adding sintering aids in the ingredients and decreasing initial grain size of the ceramic powders are effective to lower sintering temperature [1] [2] [3] . In general, the sintering temperature theoretically decreases with the grain size of the ceramic powders. There are so many efforts on synthesis of perovskite structured nanoparticles to reduce the initial grain size and promote their sintering activity. Most perovskite phases are still prepared by conventional solid state reactions between the  corresponding oxides or oxides and carbonates at temperatures above 1000 ℃. Aiming at a better understanding of the structure-property relationship and the development of novel electronic devices, in recent years, the study of the nano-scaled ferroelectric materials has attracted immense attention. Novel synthesis techniques have been developed. Among them, wet-chemical methods are a promising alternative, because they can be better controlled from the molecular precursors to the final materials to give highly pure and homogeneous materials, and allow low reaction temperature to be used, the size and morphology of the particles to be controlled, and metastable phases to be prepared. There are two kinds of wet-chemical routes for the synthesis of perovskite nanocrystals. One is the precipitation method which obtains the precursors such as carbonate, hydroxide, oxalate, and dry gel by solution method and then sinters them to obtain the perovskite nanocrystals. Although the method is very simple and the reaction in solution can be operated even at room temperature, the agglomerations and grain growth are inevitable during calcination. The other one is the direct synthesis of perovskite nanostructures in solution, and much effort has been made on it in recent years. Hydrothermal method is one of the most popular approaches to obtain the perovskite nanostructures directly from solution, but the synthesis process is often conducted at elevated temperature (typically 100-280 ℃) and/or under relatively high pressure to improve the crystallinity of the products. To further simplify the process and lower the processing temperature and pressure, several routs have been achieved [4] [5] [6] [7] [8] [9] [10] [11] [12] . Even more, perovskite structured nanocrystals with much complicated compositions have been developed based on above research works to develop new functional ceramics [13] [14] [15] [16] [17] . However, the agglomerations are inevitable in fine grain sized powders, especially in the nanoparticles, and thus the pores are hard to eliminate thoroughly during sintering. To extend the application of nanoparticles in ceramic fabrication, this difficulty should be overcome thoroughly.
Barium zirconate titanate (BaZr x Ti 1x O 3 , BZT) based materials are important for potential applications such as piezoelectric transducers, DRAM, tunable microwave devices, and giant permittivity capacitors [18] [19] [20] [21] . The three transition points and the three corresponding r  maxima of BZT materials can move closer together and coalesce into a single broad maximum at x = 0.10 while the zirconium content increases. After moving the broad maximum near room temperature, a high permittivity can be obtained. As a dielectric system with outstanding properties, the permittivity can be over 25 000 while withstand AC voltage is over 3.5 kV/mm [22] . As a lead-free piezoelectric system, it can have comparable piezoelectric coefficient to the PZT system with a maximum d 33 of 600 pC/N, attributed to the coexisting tetragonal and rhombohedral phases near the morphotropic phase boundary (MPB) [23] .
A high temperature over 1300 ℃ is often necessary for the sintering of BZT into dense ceramics. It is important economically to decrease the sintering temperature for the multiple layer devices, especially lower than 1150 ℃, to accommodate 3:7 Pd-Ag alloy or Ni inner electrodes [24] . Zinc oxide can be used as sintering aid because of its slight solubility in BZT bulk materials. After adding sintering aid such as ZnO-Li 2 O, the sintering temperature can be lowered to around 1250 ℃ [22] .
In order to control the ceramic properties, the processing of fabrication should be much fine. Here, we designed another sintering approach to ceramics at low temperature from nanoparticles. Excessive dopants, such as ZnO, were introduced into the BZT (BaZr 0.1 Ti 0.9 O 3 in this study) nanoparticles during synthesizing them. These dopants would be liberated again at high temperature on the surfaces of the nanoparticles as sintering aid homogenously, and can promote the densification during sintering.
Experimental procedure
Both the ZnO-doped BZT nanoparticles and pure BZT nanoparticles were directly synthesized at room temperature. The preparation of the powders was evolved from direct synthesis from solution (DSS) [25] under the circumstance in an enclosed mill jar. The analytical reagents, barium hydroxide octahydrate (Ba(OH) 2 ·8H 2 O), zirconium nitrate pentahydrate (Zr(NO 3 ) 4 ·5H 2 O), zinc nitrate hexahydrate (Zn(NO 3 ) 2 · 6H 2 O), and tetrabutyl titanate (Ti(OC 4 H 9 ) 4 ), were adopted as starting raw materials to prepare the ZnOdoped BZT nanoparticles and pure BZT nanoparticles. The Zn-doped titanium and zirconium (ZT) solution was obtained by dissolving 30.6 g Ti(OC 4 H 9 ) 4 , 4.3 g Zr(NO 3 ) 4 ·5H 2 O, and 0.6 g Zn(NO 3 ) 2 ·6H 2 O into 100 mL absolute ethanol. The alkaline earth source slurry was prepared by ball milling 31.6 g Ba(OH) 2 ·8H 2 O in 50 mL ethanol for 4 h on the planet type ball mill. The Zn-doped ZT solution was added into the alkali slurry in the jar, with the pH value adjusted by ammonium hydroxide aqueous solution near 10, and then resealed for another 18 h milling at the rate of 200 rpm. After that, homogenous white slurry was obtained. The white slurry was air-dried and ZnO-doped BZT (~2 mol%) nanoparticles were synthesized. As a comparison, BZT nanoparticles were also obtained under the same synthesis process but without involving zinc nitrate hexahydrate as we reported recently [26] . Both the as-prepared 2 mol% ZnO-doped nanoparticles (sample 1) and the pure BZT nanoparticles added with 2 mol% ZnO as sintering aid (sample 0) were dry pressed into the cylinders and disks. The cylinder samples were employed for dilatometry measurements at a heating rate of 5 ℃/min from room temperature to 1300 ℃, and the disk samples were employed for sintering into ceramics at 1150 ℃ for 2 h.
All the samples were characterized at room temperature by X-ray diffraction (XRD) on a Philips X-ray diffractometer (model: X'Pert-Pro MPD) using Cu K radiation (40 kV, 30 mA). The microstructures of the samples were observed by scanning electron microscopy (SEM) on a Zeiss field-emission scanning electron microscope (model: Supra 55). In order to measure the dielectric properties, the ceramic disk samples were coated with silver paste on both surfaces, and sintered at 850 ℃ for 10 min. After that, their dielectric properties were measured from -60 to 130 ℃ (model No. HP4192A, Hewlett-Packard Co., Palo Alto, CA, USA).
Results and discussion
It is well known that the temperature of the ceramic sintering could be decreased with the grain size of ceramic powders, but this "size advantage" is very often limited by the strong agglomeration observed within the nanoparticles that results in low final density or high sintering temperature. To overcome the difficulty, it is necessary to develop a new approach to sintering the ceramics. Dopant addition is a way to overcome this problem, but then the effective dispersion of the dopant among the nanoparticles is another key point to solve. Generally, some dopants with high vapor pressure and/or low melting point and slightly solubility in bulk ceramics can be adopted as sintering aids, but it is not always effective for nanoparticles because they can hardly reach into the inevitable agglomerations. The sintering aids can hardly jam into the inner space of the agglomerations, and pores easily remain after sintering. We describe this process in Fig. 1(a) . Fortunately, these dopants and impurities may have larger solubility in nanoparticles than that in bulk materials for the opening structure in nanomaterials. For example, Ba or Ti can have much more solubility in BaTiO 3 nanoparticles than in bulk materials [11, 27] . This behavior is our designing clue for a new approach to ceramic sintering from nanoparticles. When excessive dopants or impurities are introduced into nanoparticles, they can be liberated on the surfaces of the nanoparticles homogenously from bulk for the exsolution during sintering, and can act as sintering aids. The process is shown in Fig. 1(b) . Therefore, the sintering densification can be promoted greatly. In this study, we select BZT ceramic sintering as our target. Both the ZnO-doped BZT nanoparticles and the BZT Zinc oxide can be used as sintering aid for sintering BZT ceramic because of its slight solubility in BZT bulk materials. It can be expected a potential large solubility in BZT nanoparticles although there are rare data in previous documents. BZT and ZnO-doped BZT nanoparticles were prepared under the same condition by direct synthesis method as we reported previously [26] . Both of them were synthesized at room temperature in the mill jar. Their morphologies are very similar as nanoparticles shown in Fig. 2 , and the strong agglomerations with size of ~100 nm are observed. Their crystalline structures were checked by XRD as shown in Fig. 3 and confirmed as perfect perovskite. Both of them have a grain size of ~10 nm estimated by either SEM or XRD.
Although the peaks of impurity phase at 24°, 33°, and others are indexed as BaCO 3 (PDF No. 71-2394) in Fig. 3 , they disappear after suitable annealing at a temperature over 700 ℃. The small amount of BaCO 3 and its different contents in the as-prepared samples possibly derive from the raw material barium hydroxide, which can react with CO 2 in air during its storage. BaCO 3 can be synthesized into the perovskite structure while releasing CO 2 at a temperature as low as 500-700 ℃, because the decrease of BaCO 3 phase is clearly observed [26] . There are slight differences between two XRD profiles of BZT nanoparticles and ZnO-doped one, except that the peaks of the latter shift towards to the left very slightly comparing with the former (e.g., near 55°, BZT 55.58° vs. ZnO-doped BZT 55.4°; near 65°, BZT 65.18° vs. ZnO-doped BZT 65.08°). The lattice cell of both as-prepared nanoparticles could expand distinctly comparing with their bulk materials due to both "size effects" and hydrogen interstitials introduced during synthesis. Their lattices have very open structure and have ability to contend more defects. Therefore, the lattice cell expansion caused by the doping of Zn ion in ZnO-doped BZT is not distinct as we expected, and we just observe a very slight left shift of the XRD peaks of ZnO-doped BZT comparing with that of pure BZT nanoparticles, although the results imply that Zn ion has already been in the lattice of the BZT in ZnO-doped sample 1.
In order to compare the sintering characteristics of the above as-prepared nanoparticles, dilatometry measurements were done for the cylinders of the sample 0 and the sample 1 as shown in Fig. 4 . The sample 1 (ZnO-doped BZT) has a distinct shrinkage over 1100 ℃ and tends to a constant at 1150 ℃, whereas the sample 0 (BZT with ZnO as additive) has a distinct shrinkage over 1200 ℃ and increases with the temperature till 1300 ℃. The ceramics were also sintered at 1150 ℃ for 2 h according to the type described in Fig. 1(b) with the sample 1, and according to the type described in Fig. 1(a) with the sample 0 as a comparison, respectively. The microstructures of the ceramics were observed by SEM. The dense ceramic structure of the sample 1 is clear shown in Fig. 5 , and rather homogenous grains with the average size of 1 μm can be observed as well. The microstructures of the sample 0 and sample 1 were checked with the same magnification of 10k× as shown in Fig. 6 to compare their differences. Many pores and a secondary phase (indexed as ZnO by EDAX) are found in the sample 0, and the relative density is only 78%. On the contrary, pores can be rarely observed in the sample 1, and its relative density is as high as 99%. The average grain size of the sample 0 is only ~300 nm, but that of the sample 1 is much greater as ~1 μm. All of these observations are just in accordance with the strategy we propose as illustrated in Fig. 1 .
ZnO has a slight solubility less than ~1 mol% in BaTiO 3 based materials, and can be adopted as sintering aid to lower ceramic sintering temperature [28] . ZnO doped in BaTiO 3 based materials behaves as acceptor as
Here, the oxygen vacancy is a deep acceptor in perovskite BaTiO 3 based materials. Because the sintering of BaTiO 3 based ceramics is often controlled by solid state sintering pattern, the mass transfer of the ions is tightly related with the point defects in the lattice. Oxygen vacancy decreases the energy of the transfer of each ion, and thus speeds up the mass transfer during sintering [29] . As we discuss here, the sintering of both the sample 0 and sample 1 can be promoted by Zn ions in the lattice, but the type of Fig. 1(b) in the sample 1 is much more effective than the type of Fig. 1(a) in the sample 0. Much more Zn ions could be incorporated in the lattice of the open structure of the nanomaterials in the sample 1 during the synthesis, and the doping of Zn ions could produce much more oxygen vacancies. Therefore, the bulk mass transfer among nanoparticles is improved during soaking time, and the sintering of the sample 1 is promoted greatly. Another reason is that excessive ZnO can be liberated from the lattice cell on the surface of each nanoparticle as sintering aid to promote sintering effectively. On the contrary, the added ZnO is hard to disperse homogenously in the sample 0, and ZnO could jam into the inner space of the agglomeration of BZT nanoparticles difficultly and pores easily remain after sintering. Therefore, the traditional sintering type in the sample 0 is not as effective as our new approach in the sample 1 for the nanoparticles.
The temperature dependence of dielectric properties of both the sample 0 and sample 1 is shown in Fig. 7 . The sample 0 has a permittivity maximum about 3200 at 75 ℃, and a big loss about 0.17 because the ceramic is not dense enough. On the contrary, the sample 1 has a permittivity maximum as much as 6700 at 55 ℃ with a loss below 0.02, and thus the ceramic can be applied for ceramic capacitor. Comparing with the sample 0, the permittivity peak of the sample 1 has a shift to low temperature 55 ℃ from 75 ℃ due to the more 
Conclusions
The perovskite structured BZT nanoparticles doped with 2 mol% ZnO can be synthesized with the grain size of ~10 nm at room temperature. Sintering of their green ware at the temperature as low as 1150 ℃ for 2 h, very dense ceramic can be obtained. As a comparison, sintering of the green ware of pure BZT nanoparticles with 2 mol% ZnO as sintering aid in the same condition, the porous BZT ceramic can be obtained. Therefore, the traditional sintering type as simply adding sintering aid is not effective for the sintering of the nanoparticles due to the agglomerations, while the approach we design is much more effective. During sintering of our approach, dopants incorporated into the lattice of the nanoparticles during their synthesis can introduce much more defects to promote the sintering. Moreover, the excessive dopants can be liberated again on the surfaces of the nanoparticles as sintering aids homogenously, and promote the sintering effectively. 
